Lorentz symmetry is a fundamental symmetry in the Standard Model (SM) and in General Relativity (GR). This symmetry holds true for all models at low energies. However at energies near the Planck scale, it is conjectured that there may be a very small violation of Lorentz symmetry. The Standard Model Extension (SME) is a quantum field theory that includes a systematic description of Lorentz symmetry violations in all sectors of particle physics and gravity. In this paper SME is considered to study the physical process of Bhabha Scattering in the Gravitoelectromagnetism (GEM) theory. GEM is an important formalism that is valid in a suitable approximation of general relativity. A new non-minimal coupling term that violates Lorentz symmetry is used in this paper. Differential cross section for gravitational Bhabha scattering is calculated. The Lorentz violation contributions to this GEM scattering cross section are small and are similar in magnitude to the case of the electromagnetic field.
I. INTRODUCTION
A remarkably successful description of nature is provided by the Standard Model (SM) and General Relativity (GR). The GR describes the gravitational force at the classical level, while the SM encompasses all others forces of nature up to the quantum level. A fundamental theory that unifies GR and SM is expected to emerge at the Planck scale (∼ 10 19 GeV). One of the promising candidate for such a theory is the string theory. At this energy scale, minuscule Lorentz-violating effects arise offering a signal for some new physics at the Planck scale [1] [2] [3] [4] [5] [6] . The outstanding problem is the lack of experimental guidance, since direct experiments at the Planck scale are not possible. Due to this difficulty an effective field theory is an appropriate tool to observe any signals of Lorentz violation [7] . To study such effects an effective field theory, Standard Model Extension (SME), has been constructed [8, 9] . The SME contains the SM, GR (GEM in the present case) and all possible operators that break Lorentz symmetry. The SME is divided into two parts: (i) a minimal extension which has operators with dimensions d ≤ 4 and (ii) a non-minimal version associated with operators of higher dimensions. Tests of Lorentz invariance at high-energy has been discussed [10] . A complete description of the GR in the framework of the SME, in the context of a Riemann-Cartan spacetime with curvature and torsion, has been studied [11] . This allows us to consider all Lorentz-violating terms involving gravitons coupled to the SM fields.
In the minimal version of SME the electromagnetic sector is composed of two parts: 4 CPT-odd coefficients and 19 CPT-even coefficients. In the gravitational sector there are 19 coefficients for Lorentz violation apart from an unobservable scalar parameter. Such similarity suggests a correspondence between the two sectors, gravitational (GEM) and CPT-even electromagnetic sectors.
The existence of an analogy between the electromagnetic sector and the gravitational sector for SME has been developed [12] . The Lorentz-violating effects modify electromagnetic systems in a similar way as gravitational systems are modified in the weak field approximation. Here this analogy is extended for a non-minimal version of SME.
The search for analogies between electromagnetism and gravity has a long history. For Lorentz invariant theories, the first attempt to unify gravity and electromagnetism started with Faraday in 1832 [13] . Then Maxwell used the similarity between Newton's law and Coulomb's law to formulate a theory of gravitation [14] . Several others developments have been realized in a similar manner [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . A formal analogy between the gravitational and the electromagnetic fields led to the notion of Gravitoelectromagnetism (GEM) to describe gravitation. The motivations to such theory are:
there is a gravitomagnetic field connected with moving masses and the gravitational field speed of propagation is equal to the speed of light. Therefore, GEM is a formal analogy between Maxwell's equations and a linear approximation, valid under certain conditions, to the Einstein field equations for GR . Many aspects of the usual GEM based on the linearized GR have been discussed [28] .
Various experiments, such as LAGEOS, LAGEOS II, LAGEOS III and the Gravity Probe B have tried to measure the GEM effects, particularly the gravitomagnetic effect [29, 30] .
There are three different ways to construct GEM theory: (i) using the similarity between the linearized Einstein and Maxwell equations [28] ; (ii) based on an approach using tidal tensors [31] and (iii) the decomposition of the Weyl tensor into gravitomagnetic (B ij = 1 2 ikl C kl 0j ) and gravitoelectric (E ij = −C 0i0j ) components [32] . Weyl approach is considered. The Weyl tensor is connected with the curvature tensor. It is the traceless part of the Riemann tensor, and it is defined as
where R ασµν is the Riemann tensor, R µν is the Ricci tensor and R is the Ricci scalar. 
where T µν is the energy-momentum tensor and T is the trace of the energy-momentum tensor. Here, the comma is used to denote the partial derivative and semicolon denotes the covariant derivative.
The Weyl tensor can be decomposed into two symmetric second rank tensor,
the gravitomagnetic and gravitoelectric field, respectively. These components, in a nearly flat spacetime, lead to the Maxwell-like equations, i.e., the GEM equations. The GEM analogy is limited by the fact that the Maxwell field propagates on a given space-time, whereas the gravitational field itself generates the space-time. The other limitation is the fact that the GEM degrees of freedom only depend on the Weyl tensor.
In the Weyl tensor approach a Lagrangian formulation for GEM has been developed [33] . In this formalism a symmetric gravitoelectromagnetic tensor potential, A µν , which describes the gravitational interaction, is defined. GEM allows scattering processes with gravitons as an intermediate state, in addition to the photon, for electromagnetic scattering. This paper is devoted to the study of gravitational Bhabha scattering in the SME framework.
The Bhabha scattering (e + e − −→ e + e − ) is a process usually used in tests of experiments at high energy accelerators [34] [35] [36] [37] [38] . To include the Lorentz-violating effects the interaction vertex between fermions and gravitons is modified. A new non-minimal coupling term will be added to the covariant derivative. The Bhabha scattering in the context of CPT-odd non-minimal coupling term has been analyzed [39, 40] . Some other applications involving the CPT-odd non-minimal coupling have been developed [41] [42] [43] [44] [45] . The CPT-even non-minimal coupling has been studied in different contexts, such as: cross section of the electron-positron scattering [46] , Dirac equation in the non-relativistic regime [47] , radiative generation of the CPT-even gauge term [48] , and effects induced on the magnetic and electric dipole moments [49] . From the ideas discussed in [12] , about Lorentz-violating gravitoelectromagnetism, our objective is to calculate the differential cross section for the gravitational Bhabha scattering in the presence of a new Lorentz-violating non-minimal coupling.
This paper is organized as follows. In section II, a brief introduction to the Lagrangian formalism for GEM is presented. In section III, the Lorentz-violating GEM is considered. The new interaction vertex is analyzed. In section IV, the differential cross section for gravitational Bhabha scattering with Lorentz violation is determined. In section V, some concluding remarks are presented.
II. LAGRANGIAN FORMALISM FOR THE GEM
The Maxwell-like equations of GEM are given as
where E ij is the gravitoelectric field, B ij is the gravitomagnetic field, G is the gravitational constant, ikl is the Levi-Civita symbol, ρ j is the vector mass density and J ij is the mass current density.
The symbol (· · · ) denotes symmetrization of the first and last indices, i.e., i and j.
To construct a lagrangian formulation that describes the GEM equations, fields E ij and B ij are defined as (details are given in [33] )
whereÃ is a symmetric rank-2 tensor field, gravitoelectromagnetic tensor potential, with components A µν and ϕ is the GEM vector counterpart of the electromagnetic scalar potential φ. The E ij and B ij tensor fields are elements of a rank-3 tensor, the gravitoelectromagnetic tensor, F µνα , defined as
where µ, ν, α = 0, 1, 2, 3. The non-zero components of F µνα are F 0ij = E ij and F ijk = ijl B lk where i, j = 1, 2, 3. With these definitions the Maxwell-like equations, given in Eqs. (4)- (7), are written in a covariant form as
where J να depends on the mass density, ρ i , and the current density J ij . Here G µνα is the dual GEM tensor, that is defined as
The GEM lagrangian is constructed considering the symmetric gravitoelectromagnetic tensor potential A µν as the fundamental field that describes the gravitational interaction. Then
In the weak field approximation, A µν has similar symmetry properties to those of h µν , which is a tensor defined in Einstein Gravity. However our approach is different, since the nature of A µν is different from h µν . In addition, the tensor potential is connected directly with the description of the gravitational field in flat spacetime and it has nothing to do with the perturbation of the spacetime metric.
III. LORENTZ-VIOLATING GEM
The lagrangian that describes the graviton-fermion interaction is
where ψ is the fermion field withψ = ψ † γ 0 , m is the fermions mass, γ µ are Dirac matrices and D µ is the covariant derivative. Our objective is to calculate the Lorentz violation effects in the graviton-fermions interaction. Besides the investigations into the structure of the SME, where all interactions of the graviton coupled to the SM fields are established [11] , there is other propose to examine Lorentz-violating developments out of this broad framework. This alternative involves non-minimal coupling terms that modify the vertex interaction between fermions and gravitons.
To introduce the Lorentz-violating term in the lagrangian (15) the usual covariant derivative will be modified by a non-minimal coupling term, i.e.,
where g = √ 8πG is the gravitational coupling constant and k (5) µναβρ is a tensor that belongs to the gravity sector of the non-minimal SME with mass dimension d = 5 [50] . There is an analogous
Lorentz-violating term in the electromagnetic sector of the non-minimal SME. Then GEM with
Lorentz violation is part of the SME. Using eq. (16) the lagrangian becomes
where
Then the interaction part of the lagrangian is
The first term describes the usual interaction between gravitons and fermions and the second term is a new interaction produced by the non-minimal coupling. This new interaction describes the nonminimal coupling between the GEM field and the fermion bilinear. It is similar to the non-minimal coupling between the electromagnetic field and the fermion bilinear [51] . Then the Lorentz-violating
µναβρ is analogous to the electromagnetic coefficient H
. It is one more confirmation that GEM is a gravity theory analogous to the electromagnetic theory.
From the interaction lagrangian the vertices are
Our object is to calculate the differential cross section for the gravitational Bhabha scattering with Lorentz violation. Here the momentum transfer, q α is considered as q α = ( √ s, 0), with s being the energy in the center of mass.
IV. DIFFERENTIAL CROSS SECTION
The differential cross section for GEM Bhabha scattering is calculated. Our objective is to analyze how the new vertex modifies the scattering process. This process is represented in FIG. 1 .
FIG. 1: GEM Bhabha Scattering with one graviton exchange
The graviton propagator is given by
and for the vertex following notation is used
The calculation is carried out in the center of mass frame (CM), where the particles are labeled
In the CM frame we have
where | p| 2 = | p | 2 = E 2 , p · p = E 2 cos θ and
The differential cross section is defined as
where an average over the spin of the incoming particles and summing over the outgoing particles is considered. The transition matrix element is written using Feynman diagrams (FIG. 1) . The matrix element of Bhabha scattering is given as
where M ann and M exc are the transition amplitudes due to the annihilation process and the exchange process, respectively. From Feynman diagrams these transition amplitudes are
with a, b = 0, 1. Here u and v are spinors for the electron and the positron, respectively. For evaluating the differential cross section the relevant quantity is |M| 2 = MM * , where the sum is over spins. The calculation is carried out using the completeness relation:
And using the relation
the summation is accomplished. Henceforth the electron mass is ignored since all the momenta are large compared with the electron mass.
In order to present the differential cross section, concerning the beam orientation in relation to the background tensor, consider that the beam is perpendicular to the background, i.e.,
The differential cross section to second order is
cos 2 θ sin 6 (θ/2) − 4924 cos θ + 1552 cos 2θ
− 630 cos 3θ + 140 cos 4θ + 14 cos 5θ + 3876 ,
where O ≡ 1864 cos θ + 540 cos 2θ + 56 cos 3θ + 5 cos 4θ + 1631. Here dσ dΩ GEM is the differential cross section for the GEM field [52] , Lorentz invariant case, and is given by
(1864 cos θ + 540 cos 2θ + 56 cos 3θ + 5 cos 4θ + 1631)
with n being a numerical factor defined as n ≈ 6, 6 × 10 4 . Here = c = 1 is used. Then the first term in eq. (32) is the usual GEM differential cross section at the lowest order and the second term gives the contribution of the Lorentz-violating part.
V. CONCLUSIONS
Fundamental theories in particle physics have concentrated on experiments at energies that are available from accelerators. These have provided a great deal of data that is understood by Lorentz covariant standard model theories of particle physics. However lately it has been surmised that it will be interesting to consider the possibility of there being Lorentz symmetry violation at high energies, i.e. at Planck scale. This gave us so called the Standard Model Extension (SME), that is the standard model with some broken symmetries. In principle an extensive array of operators that break symmetry can be written down. Initial attempts considered such extensions only for particle physics. Later these have been considered for the Einstein theory of Gravity. The Gravitoelectro- Our results show that the Lorentz violation contribution for gravitational Bhabha scattering is similar to the corrections in the electromagnetic case. This is one more result that gives emphasis to the analogy between these two theories. Although the present study is entirely theoretical, it is possible that in future this result may be used to test GR, since GEM is an approximation of GR.
In addition, constraints on the Lorentz-violating parameter of the model may be obtained if the precision of the measurements will improve significantly. Here the cross section is calculated in the CM frame. However the coefficients in the CM frame are not constant because all experiments with beams involve non-inertial laboratories on the Earth, which is rotating in the standard Sun-centered inertial frame (SCF). Then CM coefficients must be converted to SCF coefficients as discussed in
